I. INTRODUCTION
F IBER BRAGG GRATINGS (FBGs), due to their properties, are emerging as very important elements for both the optical fiber communication and sensing fields. FBGs are lighweight, offer low power consumption and multiplexing capability, are resistant to electromagnetic waves, and offer high sensitivity to temperature and strain. FBG sensors, because of their small size, are ideally suited for health monitoring of smart structures since they can easily be embedded inside structural members.
An FBG is a periodic variation of the index of refraction along the fiber axis. These gratings couple light from forward-propagating guided mode into a backward-propagating or counterpropagating guided mode at the Bragg wavelength . This is the wavelength for the Bragg reflection ( in Fig. 1 ), which is the phenomenon by which a single large reflection can result from coherent addition of many small reflections from weakly reflecting mirrors spaced a multiple of half the wavelength apart. The equation relating the grating periodicity and the Bragg wavelength depends on the effective refractive index of the transmitting medium and is given by [1] (1)
The application of an FBG as a filter is shown in Fig. 1 . Lightwaves at several different wavelengths are traveling through the optical fiber and entering into the FBG. One of the wavelengths is reflected back by the FBG, which comes back to the coupler. The coupler separates the Bragg wavelength from the incoming wavelengths, and the reflection spectra of this reflected wavelength could be seen on an optical spectrum analyzer.
II. BRAGG GRATING STRAIN AND TEMPERATURE SENSITIVITY
The wavelength sensitivity of Bragg gratings is governed by the fiber elastic, elastooptic, and thermooptic properties. According to (1) , the Bragg wavelength depends on the grating periodic spacing and on the effective refractive index. Differentiating this equation and neglecting higher order terms, the shift of the Bragg grating wavelength is given by [1] , [2] (2)
where is the change in grating length, and is the change in grating temperature. Thus, the wavelength shift of the FBG can be generated by changing its strain and/or its temperature . In modern telecommunication and wavelength-division multiplexing (WDM) systems, a tuning range or wavelength shift of around 45 nm or more is required 45 nm for high bandwidth.
A wavelength shift of approximately 15 nm has been obtained in [3] by stretching an FBG with the help of a magnetic actuator. However, the wavelength shift was not linear with respect to the applied magnetization field. In addition, high magnetic fields had to be applied to obtain that tuning range. An overall wavelength shift of 4.52 nm was reported in [4] . The tuning was achieved by bending a beam with the FBG epoxied on its surface. In addition, a tuning range of about 12.52 nm was reported [5] by applying axial compressive and tensile strain on the FBG using bending of a trapezoidal beam. Some discrepancies were reported between theoretical and experimental results due to nonrigid coupling among the fiber, epoxy, and beam. A wavelength shift of around 45 nm was reported in [6] and [9] . It was achieved by axial compression of an FBG with piezoelectric transducer (PZT) actuators mounted at both ends. For up to 30 nm, the optical power loss was negligible, but beyond that, a significant optical power loss was observed. For example, close to 45 nm, the loss was more than 50% (3.5 dB). In addition, the wavelength shift was not linear with the PZT actuator travel, and a large device hysteresis was also reported. Recently, a grating filter with 30-nm tuning range was discussed in [10] . To compensate for the hysteresis in PZT actuators, a linear variable-differential transformer was used [11] , and a tuning range of about 20 nm was achieved with a readout wavelength accuracy of better than 0.05 nm. Very recently, a wavelength shift of about 90 nm was reported in [12] by using a combination of axial compressive and tensile strain provided from a beam-bending technique.
A. Strain Sensitivity
In practice, the axial strain sensitivity of an FBG is governed by the equation [7] , [8] ( 3) where is a wavelength shift (the subscript is omitted for convenience), is the effective photoelastic constant, and is the axial strain (tensile or compressive) imposed on the FBG. The value of currently in use is around 1550 nm. The average value of is about 0.22 [13] - [15] . From (3), for a wavelength shift of 45 nm, the required axial strain change will be around 4%.
For the fiber diameter 0.125 mm and the modulus of elasticity 72.5 GPa, the force required to achieve 4% of axial strain (from the unstrained configuration) is (4) Such a force is relatively small and can easily be achieved using conventional stepper motor or PZT actuators.
B. Temperature Sensitivity
The temperature sensitivity of an FBG is governed by the equation [2] (5) where ; . For silica, the values of thermal expansion coefficient and thermooptic coefficient are C and C , respectively. Substituting the values in (5), the temperature difference required for a wavelength shift of 45 nm will be around 3173 C. Such a temperature difference is essentially impossible to apply in practice. For example, temperatures of about 500 C will damage the fiber coating and substantially reduce the reflectivity of FBG and may even erase it [18] .
C. Pressure Sensitivity
The required wavelength shift may also be achieved by hydrostatically compressing the FBG. The pressure sensitivity of a Bragg grating is given by [17] (6) where is the hydrostatic pressure variation and , ,
, and are the refractive index, Poisson's ratio, and components of the strain optic tensor, respectively. Substituting these values of material parameters into (6) for a wavelength shift of 45 nm, the pressure required will be around MPa, which is practically impossible (compressive admissible stress of optical fiber is about MPa). In addition, this technique, when used for smaller , is very complicated and expensive to implement [16] , [17] , [19] .
III. AXIAL TUNING OF AN FBG
As already mentioned, the required wavelength shift of around 45 nm cannot be achieved either by heating or by hydrostatic pressure techniques. However, only about 4% of axial strain change is required if the axial tuning is used. It corresponds to the axial stress change of about 2900 MPa. Both the strain and the stress ranges are achievable for the FBGs presently used. Therefore, the axial strain technique seems to be the only viable option to get the required tuning range.
Typical mechanical properties of an FBG are indicated in Fig. 2 . Although a tensile breaking strength of an optical fiber without writing the grating is up to 6000 MPa, it drops to about 700 MPa during the grating process [21] - [23] . The tensile strength is reduced by the fiber's exposure to high-intensity ultraviolet radiations during manufacturing using the phase-mask technique, which is being widely used to manufacture FBGs due to its simplicity [1] , [2] . The 700-MPa tensile strength gives a strain of only around 1% in tension, which can theoretically give a wavelength shift of about 12 nm according to (3) . As already mentioned, the tensile range of an FBG's strain was used in [3] .
Typically, an optical fiber is up to 20 times stronger in compression than that in tension (also, the strain up to almost 5% in compression remains linear) [21] , [24] .
Therefore, in order to achieve the 4% strain change range, the remaining 3% strain must be obtained from compression. A high compressive strength of optical fiber should theoretically permit such a strain. The only technical problem is that it is very difficult to compress a thin optical fiber because of buckling.
From the buckling theory, the fiber of an unguided length (also referred to as buckling length), and the geometrical moment of inertia , will buckle if the compressive force reaches [25] (7)
The critical stress can be calculated as (8) where (slenderness) is defined as (9) The critical strain will be (10) Rearranging (10), the fiber's maximum unsupported buckling length for a given axial strain can be determined from (11) If both ends of the FBG are fixed as shown in Fig. 3, then , where is the length of the FBG, typically about 12 mm. For 12 mm, the amount of compressive strain that can be carried without the buckling of optical fiber of 125-m diameter is only about 0.02%, which is much less than the required strain. On the other hand, to carry an axial compressive strain of 4% without buckling, the unguided length should not be more than about 0.5 mm.
IV. POSSIBLE GUIDING SYSTEMS
Different types of guiding systems can theoretically be used in order to avoid the buckling of an FBG. Some of them are outlined in the following subsections.
A. FBG Supported by Transversal Blades
Since the unguided length should not be more than 0.5 mm, thin flexible blades must be placed after every 0.5 mm to support the FBG throughout its compressed length, as shown in Fig. 4 . The blades can bend to provide axial deformation of the FBG but will restrict its lateral motion. They can be attached to the fiber by using glue.
B. FBG Embedded in a Soft Material
The 12-mm-long FBG can be embedded in a thick coating of low modulus of elasticity [ Fig. 5(a) ]. In this case, the FBG will be compressed with the coating, and both will be fixed to some support at the ends. Material properties and dimensions of the coating material should be selected so as to avoid any global and local buckling of the fiber and to achieve the required strain with minimum compressive force.
The global buckling [ Fig. 5(b) ] depends mainly upon the diameter of the coating material, and the local buckling [ Fig. 5(c) ] of the fiber will be mainly affected by the modulus of elasticity of the coating . A low value of may result in local buckling of an FBG, while a high value of will result in large compressive force. Therefore, an optimization technique should be used to select the best combination of and .
C. FBG Supported by Longitudinal Blades
In the previously mentioned case, both the FBG and the coating material have to be compressed; therefore, a high amount of force may be required. In order to reduce the force, the compressed length of the FBG can be attached to blades, as shown in Fig. 6 . The ends of the FBG and the blades should be fixed to some support as before. Although the longitudinal blades will be compressed with the optical fiber, the dimensions of the blades can be selected in such a way that they buckle at the free edges while the FBG remains straight. Such a design should minimize the force required to achieve the required strain.
D. FBG Supported by Guiding Ferrule
A technically simple way of minimizing the buckling effects is to guide the unsupported FBG with the help of a cylindrical guiding ferrule. The ends of the FBG will be glued to the ferrules as shown in Fig. 7(a) . Inside the guiding ferrule, the fiber will buckle, but its lateral deflection will be limited by the gap , where is the inside diameter of the ferrule and , as before, is the diameter of the fiber. The force required in this case is small since it will be used only to compress the FBG. Some clearance will be required between the guiding ferrule and the fixed ferrule for the required compression. Such a design has been used in the experiments reported in the paper and is discussed in detail in the next sections.
The axial strain in the fiber will be monitored by measuring the displacement of the moving ferrule on the righthand side. The measured displacement results from the combination of the axial compression of the FBG , the shortening due to waving of optical fiber , and the deformation of epoxy 
The measured axial strain is defined as Theoretically, the clearance between the internal diameter of ferrule and the diameter of the optical fiber should be as small as possible to minimize the buckling of optical fiber for minimum optical power loss from the optical fiber. Ideally, there should be no clearance, but it is practically impossible due to Poisson's effect. In particular, the tolerance of both the diameter of optical fiber and the internal diameter of the guiding ferrule below 1 m is expensive to achieve. Dependence of the cost of manufacturing on the tolerance is symbolically shown in Fig. 8 .
On the other hand, the optical properties of the fiber are related to the waving and will deteriorate with the tolerance increase. A larger clearance may result in significant optical power loss. Therefore, some compromise is required in which acceptable results can be achieved with reasonable cost of manufacturing. As discussed in the next section, the range of from 126 to 128 m seems to be acceptable to guide a 125 m fiber. In our experiments, ferrules with 127 m were used. Such a choice is justified by some restrictions resulting from the limited strength of fiber, Poisson's effect, and possible loss of reflection power. In addition, the relation between the strain affecting the wavelength shift and the measured strain are discussed in detail. Such a relation affects the FBG's calibration and operation.
V. STRESSES IN THE FIBER
The optical fiber inside the ferrule will buckle under the compressive force causing axial and lateral deformations. The average axial compressive stresses will be (13) According to structural stability theory [25] , the axial strain in the fiber (of length ) at the moment of buckling remains almost unchanged, i.e., , as long as the deflections are moderate. The bending stresses can be estimated by assuming that the buckling takes place in one plane (Fig. 9) .
From theory of bending (14) where the buckled shape can be assumed as (15) where is the wave's amplitude, and is its length that depends on the axial strain (see (11) ).
After substituting (15) into (14), the maximum bending moment at is (16) and the corresponding maximum bending stresses are (17) Point B of the fiber will be under compressive bending stresses, and point A will be under tensile bending stresses. From (13) and (17), the combined stress at point A is (18) and the combined stress at point B is (19) For an optical fiber diameter of 125 m, the modulus of elasticity of 72.5 GPa, and an axial strain of 4%, the relations (18) and (19) are plotted in Fig. 10 in terms of the internal diameter of the guiding ferrule. For an internal diameter of 164 m, the tensile stresses at point A will theoretically reach 700 MPa, which may cause the FBG to break at this point. Theoretically, the stress at points A and B will be identical for . For the guiding ferrule used in our experiments (internal diameter of 127 m), the stresses at both point A and B are compressive.
VI. EFFECT OF CURVATURE ON THE FBG'S PERFORMANCE
Lightwaves transmit through the optical fiber due to total internal reflection. The bending of optical fiber causes the lightwaves to escape from the core of the optical fiber because of the change in the reflected and refracted angels of the lightwaves. The escape of lightwaves from the core results in the optical power loss. A larger curvature of the fiber will cause the optical power loss to increase. Optical power loss should not be more than 0.5 dB for telecommunication applications [27] .
A test was performed to observe the effect of curvature of the FBG on the optical power loss. The overall setup is shown in Fig. 11 . A broad-band light source (BBS) was used which has a bandwidth range from 1500 to 1600 nm. The BBS sends lightwaves into the optical fiber carrying an FBG. A 3-dB coupler was used to separate the lightwaves reflected from the FBG. An optical spectrum analyzer (OSA) with a wavelength range from 600-1750 nm (accuracy was 0.02 nm, and maximum resolution was 0.015 nm) was used to observe the variation in the reflection spectrum of the FBG. The reflection spectrum data at different bending radii was extracted and stored in a computer connected to the OSA. The FBG used for the bending test was 12 mm long and had a Bragg wavelength of 1592.75 nm, reflectivity of about 99.97% (transmission depth of 35 dB), and a full-width at half-maximum (FWHM) bandwidth of 0.5 nm.
The FBG was bent on cylinders of different radii starting from 50 to 9.5 mm. For each case, the reflection spectrum was obtained. The results are plotted in Fig. 12 . A drop in the reflectivity (reflective power loss) was observed as the radius of curvature of the FBG was reduced. The accompanied shift in the Bragg wavelength was negligible.
The reflective power loss in terms of the bending radius of the FBG is shown in Fig. 13 . The power loss was minimal for a radius of curvature higher than 25 mm, for example, reflective power loss of about 0.35 dB was observed at a radius of curvature of 20 mm. When the radius is decreased more, the power loss increases, up to 7.76 dB for a radius of curvature of 9.5 mm.
The minimum radius of curvature of the fiber inside the ferrule can be obtained by substituting the value of from (16) into (14) to get (20) Equation (20) is also plotted in Fig. 13 for 125 m and 4 . The figure shows how the radius of curvature of the fiber is related to the internal diameter of the guiding ferrule. The radius of curvature at which the stresses reach the breaking tensile stress value of 700 MPa is 1250 m (1.25 mm), which is ten times more than the diameter of optical fiber.
For the optical power loss of less than 0.5 dB, the radius of curvature should be more than about 20 mm, which requires that the internal diameter of the ferrule to be less than about 128 m. This appears to be the upper limit of that can be used in the guiding system design discussed. In the experiments presented in the next section, of 127 m was used, for which the minimum radius of curvature of optical fiber inside the guiding ferrule calculated from (20) was 24.4 mm. It should be noted that the case considered involves only one stress component. Therefore, some problems such as polarization-dependence loss or polarization-dependence frequency, which are related to multiaxial stresses, should be negligible.
VII. POISSON'S EFFECT
Due to compression of the fiber, its diameter will increase according to (21) where the Poisson's ratio for optical fiber is 0.165. For 4% of axial strain, the diameter of optical fiber will increase from 125 to 125.8 m. Therefore, the minimum admissible ferrule's diameter should be about 126 m. Combining it with the findings from previous sections, one should conclude that should be within the range of 126-128 m, as previously mentioned.
VIII. SHORTENING DUE TO GLUE DEFORMATION
There is some axial motion of the fiber inside the fixed ferrules due to deformation of glue [ Fig. 7(b) ]. It is assumed that the glue's deformation is elastic, i.e., is proportional to the axial force exerted on the fiber. According to such an assumption (22) where is a coefficient of proportionality. The validity of the assumption will be verified, and the value of will be determined experimentally in Section XI. 
IX. SHORTENING DUE TO WAVING
Shortening is the decrease in the distance between two fixed ferrules due to buckling (which theoretically occurs without any change in the axial strain in the fiber). For the in-plane buckling, the shortening due to one wave can be calculated from After substituting (15) 
and integrating
The shortening for the total length of FBG will be The corresponding measured axial strain due to waving is (23) Equation (23) is plotted in Fig. 14 for 125 m and 4 . The graph shows a parabolic variation of with respect to . For 164 m, i.e., the condition at which the stresses reach the breaking tensile stress value of 700 MPa, the value of is 0.097. For a value of 127 m, which was used in the experiments, a constant ratio can be obtained from (23). 
X. DEVICE DESCRIPTION
The ceramic ferrules fixed to the optical fiber were 12.7 mm long with the external and internal diameters of 2.5 mm and 127 m, respectively. The length of the middle ferrule varies according to the length of the FBG to be compressed. For the 12-mm FBG, a 12.25-mm-long ferrule was used with the gap [see Fig. 7(a) ] of around 0.75 mm. The ferrules were mounted on a mechanical system to facilitate both tension and compression of FBG (Fig. 15) .
The mechanical design consists of two single-axis ball-bearing aluminum translation stages mounted on the base plate. The translation stages have a travel of 13 mm with resolution better than 3 m. V-groove plates were mounted on each of the translation stages. The ferrule system was mounted and fixed on the V-groove plates by using top plates. The V-grooves were used to carefully align the ferrules to avoid extra bending of the FBG. The translation stage A was providing lateral adjustment by using a micrometer head, while translation stage B was connected to an actuator to provide axial strain of the FBG. The micrometer head and PZT stack device were used as actuators. The PZT actuator could travel up to 120 m. Greater travels were executed with the help of the micrometer head. An amplifier and controller were used for high-accuracy travel of the PZT actuator. The reflection spectrum during tension/compression of the FBG was observed by the setup that has already been presented in Fig. 11 .
XI. EXPERIMENT
A 12-mm-long Bragg grating, fabricated in a Boron/Germanium (B/Ge) codoped optical fiber, was used in the experiments. The Bragg grating used has a reflectivity of about 99.97% (transmission depth of 35 dB), a Bragg wavelength of 1586.5 nm, and a FWHM bandwidth of 0.5 nm. The compressed length in this case was 13 mm.
The reflection spectra of the FBG during compression are shown in Fig. 16 . The maximum wavelength shift achieved was 46 nm, which corresponded to a micrometer head displacement of 560 m and 4.3% of the measured strain.
The process was repeated several times and the repeatability in the positioning was around 0.12 nm. This is mostly attributed to using a micrometer screw gage in which there always was some error in reaching the desired position [26] . The repeatability can be improved by using a dc servomotor or PZT actuator with high resolution and travel range. The wavelength shift in terms of is plotted in Fig. 17 . The plot is, in fact, neither linear nor in agreement with (3) if the literature value of is used in it. As discussed previously, the discrepancies are most probably due to deformations of glue and waving of the fiber inside the ferrule. These two effects are now analyzed in detail.
It is assumed that the glue deformation is effecting the measurements in compression identically as in tension. However, in a tension test, the fiber's waving is eliminated. The tension tests were done on the FBG by slightly modifying the device mentioned previously. Namely, the middle ferrule was not used, and the PZT was used as actuator (both PZT and micrometer head were used for the compression test). The maximum wavelength shift achieved was 10.5 nm, corresponding to a PZT actuator displacement of 120 m 0.92 . The experimental relation is plotted in Fig. 18 . The plot can be used to determine , which was realized in this particular experiment. From the slope of the plot, the new value of equal to 0.268 was obtained. Since there is no waving, it is assumed that the difference between and is due to the glue deformation.
In order to quantify the glue effects, let us write (12) in the form (24) Substituting from (24) into (3) (25) where (26) After rearranging this equation (27) The results shown in Fig. 18 were linear almost up to the maximum strain measured; only for the higher strain value, the experimental shift was slightly lower than that predicted by (25). This might have been due to some nonlinearity in glue deformation at the high strain value. Substituting the value of and in (27) , the value of is found as 0.0615. Thus, the glue deformation adds about 6% to the measured strain, which has to be accounted for in the calibration of the wavelength shift measurement.
The compression test results from Fig. 17 , as well as (25) for , are plotted again in Fig. 19 . The results match very well up to about 1 , which verifies that the glue effects in tension and compression are very similar. For higher compression, the experimental shift in Fig. 19 is consistently lower than that predicted by (25) . For example, for 4.3 , the experimental wavelength shift was 4 nm less than the theoretical shift. Note that (25) already includes the elasticity of glue. The other reasons for the previously mentioned difference seem to be the waving of the FBG inside the ferrule and in the gap between the ferrules and possibly some inelastic behavior of the glue.
If one assumes that the glue remains elastic, then the compression test allows for quantification of the waving effects. Substituting the value of from (12) into (3) and rearranging
Substituting from (26) in the previous equation
Substituting from (27) , one obtains from (28):
For a given , the value of was measured and the value of can be calculated from (25) . In addition, was used. This way, using (29), the experimental variation of with was determined and is plotted in Fig. 20 . The relation between and in Fig. 20 can be approximated by (30) The linear term of (30) is identical to that predicted theoretically from (23) (for a fixed ratio). This term seems to be valid for small strain (less than about 1%); for higher strains, the almost quadratic term prevails.
One of the possible explanations of the results in Fig. 20 may be that (23) assumes in-plane buckling, while in fact the buckling is three dimensional, with the FBG taking a spiral shape inside the ferrule during compression. Again, the above formula can be used to precisely calibrate the wavelength shift measurement. In addition, as mentioned previously, at high strain value, the glue deformation may be nonlinear. The other effects are briefly outlined next.
The variation in the peak reflectivity of the Bragg wavelength during compression was around 0.22 dB, as shown in Fig. 21 (must be below the 0.5-dB limit). In addition, variation of the FWHM ( 3-dB) bandwidth, presented in Fig. 21 , was around 0.1 nm for a wavelength shift of about 46 nm. After several cycles of compression and release, a small hysteresis was observed, as shown in Fig. 22 . The maximum hysteresis for a wavelength shift of 40 nm was about 0.62 nm. A significant por-tion of it may have been caused by using the micrometer head instead of a PZT actuator.
XII. CONCLUSION
A device for axial tension/compression of a 12-mm-long FBG is presented, which can be used as a tunable filter. The tuning range of 46 nm in compression and 10.5 nm in tension was achieved with a reflection power loss less than 0.25 dB and a FWHM bandwidth variation of around 0.1 nm. The device can be used in standard WDM systems for wavelength multiplexing and routing or as a wavelength-selective filter.
